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METHOD AND APPARATUS FOR GENERATING A COMPOSITE SIGNAL 



BACKGROUND OF THE INVENTION 

Field of the Invention 

The present invention relates to a method and apparatus for generating a composite 
5 signal and, more particularly, to a programmable waveform generator operable as an interplex 
modulator to produce composite, constant-envelope signals. 



Description of the Related Art 

Combining multiple signals on the same radio frequency (RF) carrier is often desirable 
in both one-way and two-way communications systems, and the importance of signal combining 

10 techniques will grow as RF communications systems continue to proliferate and RF spectrum 
becomes increasingly crowded. Existing methods of signal combining include techniques that 
generate composite signals whose instantaneous power varies with time (non-constant-envelope 
signals), such as linear signal combination. Other existing techniques, such as conventional 
phase shift keyed/phase modulated (PSK/PM) systems, generate constant-envelope composite 

15 signals. 

Linear methods that generate non-constant-envelope composite signals result in power- 
inefficient mechanizations, because the power amplifiers that are used for transmission of the 
composite signals must operate in the linear region. Power amplifiers are much more efficient 
when operated in the saturated mode. Therefore, constant-envelope signal structures are required 

20 if full-power, undistorted transmission is sought. 

For example, in a CDMA cellular telephone system, linear superposition of chip- 
synchronous, orthogonal signals to be transmitted from abase station is a theoretically lossless 
multiplex if the subsequent transmission chain remains linear. Maintaining linearity requires a 
linear high power amplifier (HP A) . Since any HP A characteristic eventually saturates as its input 

25 power increases, such base station transceiver linear amplifiers are typically run at 4-5 dB 
average power backoff to accommodate peak power needs. In addition, the rather severe spectral 
containment filtering applied to each user signal before multiplexing creates amplitude 
fluctuations of 4-5 dB peak-to-average power, requiring additional backoff. Consequently, total 
backoff can easily be 9 or 10 dB in this particular context. 
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Thus, linear combination techniques are maximally efficient in the sense that there is no 
actual signal power loss, but the overall efficiency of such techniques is compromised by the 
need to operate the amplifier at a significant power back-off to accommodate the instantaneous 
signal envelope fluctuations. Further, conventional PSK/PM systems have limited power 
5 efficiency, because PSK/PM systems include unmodulated carrier and cross modulation terms, 
which represent wasted power. 

An alternative approach to producing greater average power is to achieve a more effective 
allocation of the loss budget between the multiplexer and the power amplifier. Applied to 
orthogonal waveforms, non-linear multiplex methods that produce a composite constant- 

10 envelope signal permit a greater fraction of the available transmitter power to be used for 
communication, but at the expense of a multiplexing loss that may be characterized as either 
cross-talk (induced non-orthogonality or harmonic distortion) or receiver cross-correlation 
mismatch. This multiplexing loss, however, is typically smaller than the power backoff it 
replaces, resulting in a favorable trade. 

1 5 The Global Positioning System (GPS) is another application in which constant-envelope 

signals would be beneficial. This system includes a constellation of Earth-orbiting satellites that 
transmit signals useful for determining position. By measuring the time delay in broadcasted 
signals received from several of these satellites, a receiver can determine its own position using 
trilateration. Continually evolving GPS system requirements necessitate the simultaneous 

20 transmission of multiple signals from each of the GPS satellites, making constant-envelope 
signals of great interest in developing future GPS signal structures and system architectures. 

As military and civilian requirements for GPS change over time, operational 
modifications will continue to be necessary. Critical signaling parameters, such as chip rates, 
code types, fixed carrier offset, hopping sequences for hopped carrier offset, and relative power 

25 ratios, may require modification throughout the operational life of a satellite. Thus, in addition 
to having the capability to produce constant-envelope signals, the waveform generator onboard 
each GPS satellite must be remotely reprogrammable to support generation of a variety of 
possible future signaling waveforms. 

Interplex Modulation is one technique gaining consideration for generating constant- 

30 envelope, phase modulated composite signals that offers improved efficiency over standard 
PSK/PM systems. The interplex modulation technique is described by Siegel et al. in 
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"Communication Satellite Integrity and Navigation Payload on DSCS", Annual Meeting of the 
Institute of Navigation, Cambridge, MA, June 1993, the disclosure of which is incorporated 
herein by reference in its entirety. Using interplex modulation, three or more signals can be 
combined to generate a constant-envelope composite signal with minimal combining losses. 
5 Again, a constant-envelope composite signal is highly desirable so that a highly-efficient 
saturated power amplifier can be used. 

Fig. 1 is a schematic representation illustrating a typical interplex modulator for 
combining three signals. Input signals S u S 2 and S 3 are digital bitstreams of logical ones and 
zeros. In Fig. 1, the input signals are shown in "analog" representation, meaning the signals 

10 assume the values of -1 and +1, corresponding to the logic values 1 and 0, respectively. Analog 
multipliers 1 0 and 1 2 perform analo g multiplications of S , times S 2 and S l times S 3 , respectively. 
Analog gain element 14 places a gain of pi on the product SjSj, analog gain element 16 places 
a gain of n/2 onS„ and analog gain element 18 places a gain of P 2 on the product S^. An 
analog summer 20 sums the outputs of the analog gain elements and supplies the sum to a linear 

15 phase modulator 22. Linear phase modulator 22 also receives a Sin(cot) carrier signal and 
modulates the sum signal with the carrier signal to produce the composite constant-envelope 
output signal v(t) for transmission. The phase modulator has a gain of 1 radian per unit input; 
therefore, the output from the phase modulator from a unit input has a one radian phase deviation 
of the Sin(cot) carrier. Accordingly, the output of the phase modulator is: 



From interplex modulation theory, it is known that the output transmission signal v(t) 
given by equation (1) can be equivalently expressed as: 

v(t) = SjCosCp^Cos^SinCflrt) + 
SzSinCpOCosCp^CosCcot) + 



20 



v(t) = Sin(cot + S,S 2 P, + S ; 7i/2 + S 1 S 3 p 2 ) 



(1) 



25 



SjCosCpOSinCp^CosCcot) - 
S 1 S 2 S 3 Sin(p ] )Sin(p 2 )Sin(cot) 



(2) 



where 0 < p, < tc/2 radians and 0 < P 2 < tc/2 radians and therefore Sin^), Sin(p 2 ), Cos^), and 
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Cos((3 2 )> 0, such that the computed signal attenuations are never negative. 

The resulting modulator output signal v(t) has a constant envelope; thus, a saturated 
amplifier can be used to transmit this signal without backoff. The first three terms in equation 
(2) correspond to the desired signal terms S l5 S 2 and S 3 , respectively. The fourth term is an 
5 intermodulation (Evl) product, which is an undesired term generated by the modulator. Although 
the Evl product consumes some of the available power, the Evl product serves to keep the 
amplitude of the composite signal envelope constant, which in turn facilitates use of saturated 
amplifiers. 

The conventional interplex modulation scheme shown in Fig. 1 suffers from a variety of 
1 0 limitations. The architecture of conventional waveform generators dictates generating the entire 
composite signaling waveform as a baseband signal and then up-converting the composite 
baseband signal to the broadcast radio frequency. While this architecture can be used in certain 
communication systems, such an approach is not suitable for microwave systems, such as GPS, 
because the baseband frequency is too low to preclude harmonic and intermodulation interference 
1 5 with the desired microwave output. Moreover, time jitter in required digital-to-analog converters 
adds phase noise onto the desired output signal. Further, in the up-conversion process, the 
bandpass filters required for each mixing stage produce ringing at phase transitions that generate 
amplitude envelope variations, which interfere with the efficiency of the saturated high-power 
amplifiers required for low-power consumption. A result of this non-constant-envelope is signal 
20 distortion that adversely impact Bit Error Rate in CDMA systems and navigation accuracy in 
GPS applications. 

A programmable waveform generator suitable for generating constant-envelope 
composite signals for a GPS system via interplex modulation techniques is described in U.S. 
Patent Application Serial No. 09/205,510 entitled "Programmable Waveform Generator for a 

25 Global Positioning System", filed December 4, 1998, the disclosure of which is incorporated 
herein by reference in its entirety. As described therein, the waveform generator individually 
generates the three signal components and the intermodulation product as binary signals. The 
four binary signals are then sent to the modulators and used to directly modulate the RF carrier. 
Specifically, the four signals are respectively fed to four separate BPSK modulators which 

30 modulate either the in-phase or quadrature phase component of the RF carrier. The outputs of 
the modulators are scaled using variable attenuators to achieve the desired relative power ratios 
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among the four signal components. The final RF output signal is formed by summing the outputs 
of the four variable attenuators. 

The approach taken in the system of the aforementioned patent application eliminates a 
number of limitations of conventional interplex modulators in generating a constant-envelope 
5 composite signal. In particular, the modulating signal has a much lower frequency content than 
the modulated intermediate frequency signal in a conventional interplex modulator, thereby 
avoiding harmonic interference in the resultant composite signal. The modulating signals from 
the waveform generator are clocked binary signals that are sent directly to the modulators, 
thereby eliminating the D/A converter and any associated jitter and phase noise. Further, because 
10 no up-conversion of the modulated signal is required, no amplitude variation is introduced by 
bandpass filters. 

However, the particular interplex modulator implementations described in the 
aforementioned patent application require a significant number of hardware components. These 
components contribute significantly to the overall cost, weight, size and complexity of the 

1 5 system, all of which are of concern in space satellite and commercial CDMA applications such 
as wireless telephony. Thus, previous methods of imparting amplitude and phase modulation on 
an RF carrier are seriously limited by low data rates, low achievable RF frequencies or complex 
hardware implementations. Accordingly, there remains a need for an affordable, flexible 
waveform generator capable of generating constant-envelope signals with a minimum of 

20 hardware components, which can be remotely reprogrammed in the field to support changing 
operational requirements. 

SUMMARY OF THE INVENTION 
Therefore, in light of the above, and for other reasons that become apparent when the 
invention is fully described, an object of the present invention is to simplify the hardware 
25 implementation of a programmable waveform generator, thereby to improve reliability and power 
efficiency, to reduce cost, weight, size and complexity, and to make the programmable waveform 
generator easier to adjust during manufacture and in field operation. 

A further object of the invention is to efficiently generate a constant-envelope signal to 
allow use of saturated high power amplifiers in signal transmission. 
3 0 Yet a further obj ect of the present invention is to apply high data rate amplitude and phase 
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modulation to an ultra high frequency or microwave C W carrier without introducing excessive 
amplitude or phase distortion, thereby making interplex modulation feasible at RF frequencies. 

Yet a further object of the present invention is to provide a programmable waveform 
generator that is remotely reprogrammable in the field to adjust for changing system requirements 
5 and operational parameters. 

A still further object of the present invention is to provide a programmable waveform 
generator useful in satellite communication and navigation systems, mobile communication 
systems, including wireless telephony, systems employing spread spectrum signals, CDMA 
schemes or systems in which constant-envelope composite signals are desired. 

1 0 The aforesaid obj ects are achieved individually and in combination, and it is not intended 

that the present invention be construed as requiring two or more of the objects to be combined 
unless expressly required by the claims attached hereto. 

In accordance with the present invention, a programmable waveform generator requiring 
fewer components to modulate multiple information signals onto an RF carrier can be realized. 

1 5 An underlying principle of the invention involves the recognition that modulation schemes for 
transmitting composite signals, such as interplex modulation, can be implemented more 
efficiently by judiciously mapping the values of the information signals to control of phase 
modulators and amplitude attenuators responsible for effecting modulation of the RF carrier. 
In the case of interplex modulation, determining this mapping involves manipulating the 

20 interplex modulation equation given in equation (2) to identify two expressions that respectively 
represent the complete state of the in-phase component and the complete state of the quadrature 
component of the composite signal as a function of the input digital bit streams to be transmitted. 
In each of these expressions, it can be seen that the modulated carrier component can be in only 
one of four states at any given time. For each carrier component, these four states can be realized 

25 by modulating the phase of the carrier between two possible phase states via a binary phase shift 
keyed (BPSK) modulator and by simultaneously modulating the amplitude of the carrier 
component between two possible amplitude states via a variable attenuator based upon the 
instantaneous values of the digital bit streams. Essentially, while the basic interplex modulation 
equation suggests four modulation "legs" (two each for the in-phase and quadrature components), 

3 0 the invention permits implementation of an interplex modulator with only two modulation legs 
(one each for the in-phase and quadrature components), with only a single phase modulator and 
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a single amplitude modulator (i.e., variable attenuator) in each leg. 

Advantageously, in contrast to the interplex modulation technique described in the 
aforementioned patent application, the interplex modulator of the present invention requires less 
than one-half the modulation hardware, is lighter in weight, smaller, easier to adjust in 
5 manufacture, more power efficient and reliable, and costs significantly less. These advantages 
are particularly advantageous in applications such as space satellites and cellular telephones. 
Such interplex modulation has commercial application in, for example, GPS signal transmission 
and in CDMA transmission, as used in wireless telephony. 

While the exemplary embodiment described herein involves an amplitude/phase 

10 constellation relating to a particular interplex modulation scheme, the signal modulation 
technique of the present invention allows instantaneous and simultaneous programmability of 
amplitude and phase of any modulated carrier point in an amplitude/phase constellation (i.e., the 
set of desired amplitude and phase points of the modulated carrier) and can be extended to nay 
of a variety of phase and amplitude modulation schemes. 

15 The above and still further objects, features and advantages of the present invention will 

become apparent upon consideration of the following definitions, descriptions and descriptive 
figures of specific embodiments thereof wherein like reference numerals in the various figures 
are utilized to designate like components. While these descriptions go into specific details of the 
invention, it should be understood that variations may and do exist and would be apparent to 

20 those skilled in the art based on the descriptions herein. 

BRIEF DESCRIPTION OF THE DRAWINGS 
Fig. 1 is a diagrammatic illustration of a conventional approach to interplex modulation. 
Fig. 2 is a function block diagram of a programmable waveform generator operable as 
an interplex modulator for producing composite, constant-envelope signals in accordance with 
25 an exemplary embodiment of the present invention. 

Fig. 3 is a schematic illustration of a carrier modulator in accordance with the exemplary 
embodiment of the present invention. 

Fig. 4 is a functional flow diagram illustrating the operations performed by the 
programmable waveform generator to produce a composite, constant-envelope signal in 
30 accordance with the exemplary embodiment of the present invention. 
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DESCRIPTION OF THE PREFERRED EMBODIMENTS 
The following detailed explanations of Figs. 2-4 and of the preferred embodiments reveal 
the methods and apparatus of the present invention. In accordance with a non-limiting exemplary 
embodiment, the waveform generator of the present invention can be employed in a CDMA 
5 communication system transmitting multiple CDMA signals to a single location or to group of 
spatially dispersed users. These signals employ binary phase-shift keying (BPSK) or quadrature 
phase-shift keying (QPSK), direct sequence (DS) spread spectrum modulation and have a 
common chip rate and carrier frequency. The timing of the transmissions being under control 
of the transmitter, the multiple CDMA signals are chip-synchronous. For purposes of 

1 0 illustration, in the exemplary embodiment, three chip-synchronous DS spread-spectrum signals, 
Sj, S 2 , and S 3 , are simultaneously transmitted via a constant-envelope composite signal formed 
using an interplex modulation scheme. However, the present invention is not limited to 
formation of a composite signal from three information signals, and the techniques of the present 
invention may be used to form constant-envelope composite signals from greater numbers of 

15 signals. 

An exemplary embodiment of the programmable waveform generator of the present 
invention is shown in Figs. 2 and 3, and operation of the programmable waveform generator is 
described in connection with the flow diagram shown in Fig. 4. Referring to Fig. 2, the 
exemplary programmable waveform generator 24 configured to operate as an interplex modulator 

20 includes a signal generator 26 and a carrier modulator 30. Signal generator 26 receives three 
information-containing data signals to be transmitted and produces corresponding signals 
appropriate to modulate an RF carrier signal. Specifically, signal generator 26 includes a digital 
bit stream generator 27 which generates the three baseband DS spread spectrum digital bit 
streams S l5 S 2 , and S 3 corresponding to the three data signals (step 50 in Fig. 4). Digital bit 

25 stream generator is preferably programmable and more preferably remotely reprogrammable to 
facilitate adjusting signaling parameters to support varying system configurations and operational 
requirements that change throughout the lifetime of the equipment. Such parameters may include 
or relate to a variety of factors, including, but not limited to: the data rate, the number of signals 
being transmitted, the signal bandwidth, the encryption scheme being employed, the spread 

30 spectrum scheme being employed, the signal modulation, the forward error correction scheme, 
the multiplexing scheme, the nature of the transmission signal being generated, the transmission 
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frequency and the transmission power. The ability to remotely reprogram signal parameters is 
particularly advantageous where the transmission system cannot be directly accessed for 
reconfiguration, such as with satellites or where the device is in the possession of a subscriber 
or user. 

5 For reasons of power control, a power weighting, or fraction of the available transmit 

power, is periodically assigned to each CDMA signal. That is, the system may frequently assess 
the channel conditions, such as interference, multipath and range, between the transmitter and 
each receiving user in order to adjust the transmit power required to transmit signals to each user. 
This power distribution assignment remains in effect for a period of time equal to a large number 

10 of spread spectrum chips. In the case of three signals being transmitted in a constant-envelope 
interplex modulation signal, the relative power of the signals is controlled by adjusting the gain 
factors (3, and |3 2 in equations (1) and (2) shown above. 

During each interval of constant power distribution, the interplex modulator receives as 
input a sequence of chips to be transmitted for each of the three signal codes S l5 S 2 and S 3 . These 

1 5 chips are represented as binary digital data to be applied to the in-phase (I) and quadrature (Q) 
transmission channels of the RF signal to be transmitted. The values of data signals S l5 S 2 , and 
S 3 fluctuate at the chip rate. The chip rates are the rate of the digital codes, used for example in 
the GPS system and in CDMA cellular phone systems, and can be as high as 1 0 Mbps and higher. 
Accordingly, based on the commanded power distribution, the interplex modulator must apply 

20 the appropriate modulation on the in-phase and quadrature components of the RF signal on a 
chip-by-chip basis. The interplex modulator ensures that the total instantaneous power, 
represented by I 2 + (?, remains constant for all chip intervals. The interplex modulator may do 
so by keeping the sum I 2 + Q 2 constant, such that the baseband DS spread spectrum signal 
produced has a constant envelope. 

25 The waveform generator in the aforementioned patent application essentially implements 

an interplex modulator in accordance with the four mathematical terms that comprise equation 
(2), reproduced here for convenience. 
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v(t) = S^osCPOCosCp^SinCot) + 
S 2 Sin((3,)Cos(p 2 )Cos(cot) + 
S 3 Cos(p 1 )Sin(p 2 )Cos(cot) - 
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S 1 S 2 S 3 Sin(p 1 )Sin(p 2 )Sin(a)t) 



(2) 



Specifically, the three signal components S , , S 2 , and S 3 and the required intermodulation product 
SjS 2 S 3 are generated individually by a waveform generator and respectively supplied as binary 
signals to four separate binary phase shift key (BPSK) modulators. In particular, in accordance 
5 with equation (2), a first BPSK modulator modulates the quadrature component of the carrier 
Sin(oot) with the binary signal S l5 a second BPSK modulator modulates the in-phase component 
of the carrier Cos(cot) with the binary signal S 2 , a third BPSK modulator modulates the in-phase 
component of the carrier Cos(cot) with the binary signal S 3 , and a fourth BPSK modulator 
modulates the quadrature component of the carrier Sin(cot) with the intermodulation product 
10 S^Sj. The outputs of the four modulators are then respectively supplied to four variable 
attenuators which respectively attenuate the four modulated signals by the four values 
Cos(Pj)Cos(j3 2 ), S 2 Sin(P 1 )Cos(P 2 ), Cos(p\)Sin(|3 2 ) and Sin((3,)Sin(p 2 ). The constant-envelope 
composite signal is then formed by combining the four attenuated, modulated carrier 
components. 

15 An important aspect of the present invention is the recognition that a constant-envelope 

composite signal can be generated using only half the number of modulators and attenuators used 
in the aforementioned interplex modulation approach. Referring again to Fig. 2, signal generator 
26 also includes a control signal generator 28 which generates, at the chip rate, four binary 
control signals P l5 P Q , Gj and G Q based on the values of p\ and |3 2 and digital bit streams S l5 S 2 , 

20 and S 3 (step 52 in Fig. 4). In the exemplary embodiment, the control signal generator 28 is 
programmed to map the digital bit streams S U S 2 and S 3 into four control signals that effectively 
implement an interplex modulation scheme, as described below in detail. However, as will 
understood from the following description, the control signal generator 28 can be programmed 
to implement any of a variety of mappings from the input bit streams to control of the phase and 

25 amplitude of a composite transmission signal. Using only the four binary control signals, carrier 
modulator 30 can control the modulation of an RF signal by employing only two BPSK 
modulators and two variable attenuators. To understand how this improvement is achieved, first 
consider that equation (2) can be rewritten as: 



v(t) = {SjCosfl^Cos^) - S 1 S 2 S 3 Sin(p 1 )Sin(P 2 )}Sin(cot) + 
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{SaSinCPOCosCk) + S 3 Cos(P 1 )Sin(p 2 )}Cos((at) 



(3) 



Given that signals S l5 S 2 , and S 3 can assume only the analog values of +1 and -1, during 
time intervals in which the gain values fi x and P 2 are constant, it can be seen from equation (3), 
that the modulated quadrature carrier component Sin(cot) can take on only two different 
5 amplitudes and two different signs, for a total of four different values. Specifically, if for 
simplicity, the expression Cos(P!)Cos(P 2 ) is represented by the constant C and the expression 
Sin(Pj)Sin(p 2 ) is represented by the constant D, then the modulation of the quadrature component 
must have one of four values: C+D, C-D, -C+D, and -C-D, depending upon the instantaneous 
values of the information signals S l5 S 2 , and S 3 . 

1 0 Likewise, the modulated in-phase carrier component Cos(oot) also can assume only two 

different amplitudes and two different signs, for a total of four different values. If the expression 
Sm(pj)Cos(p 2 ) is represented by the constant E and the expression Cos(P!)Sin(p 2 ) is represented 
by the constant F, then the modulation of the in-phase component must have one of the four 
values: E+F, E-F, -E+F, and -E-F, depending upon the instantaneous values of the signals S 2 and 

15 S 3 . 

To isolate the analog amplitudes and signs of the modulation terms, equation (3) can be 
expressed as: 

v(t) = Cos[(tc/2)(P q -1)] { | SiCosCPOCosCPa) - S 1 S 2 S 3 Sin(p 1 )Sin(p 2 ) | }Sin(©t) + 

Cos[(jc/2)(P r l)3 { | SzSinCpJCosOz) + S 3 Cos(p 1 )Sin(p 2 ) | }Cos(oot) (4) 

20 Noting that p, + p 2 < ti/2 when Cos(P!)Cos(p 2 ) > Sin(pj)Sin(P 2 ), it follows that: 

P Q = S„ when fi l + p 2 < n/2, and 

P Q = -S 1 S 2 S 3 ,whenp 1 + p 2 >^/2 (5) 
Likewise, fa > p 2 when SuXp^Cos^) > Cos(p!)Sin(P 2 ), and 



25 



Pj = S 2 , when p x > p 2 , and 
Pj = S 3 , when P! < p 2 



(6) 
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Equation (4) can then be rewritten as: 



v(t) = <p(Q)A(Q)Sin(cot) + cp(i)A(I)Cos(cot) 



where, 



5 



q>(I) = 



A(I) = 



9(Q) = 
A(Q) = 



Cos[(tc/2)(P q -1)] 

IS^osCPJCosC^) - S 1 S 2 S 3 SinO,)Sin(P 2 )| 
Cos[(7u/2)(P r l)] 

|S 2 Sin(p,)Cos(p 2 ) + S 3 Cos(p 1 )Sin(P 2 )| 



(8) 
(9) 
(10) 
(11) 



Observe that, in equation (4), the terms Cos[(7t/2)(P Q -l)] and Cos[(7c/2)(P r l)] (i.e., (p(Q) 
and cp(I)) are each equal to either +1 or -1, fluctuating at the chip rate in accordance with the 

10 specific values of signals S l5 S 2 and S 3 and the gain factors pj and p 2 . By means of the 
trigonometric identity -Cos(cp) = Cos((p - 7t), fluctuation of these terms between +1 and -1 can be 
implemented via a binary phase shift keyed (BPSK) modulator switching between 0 and -180 
degrees. Equations (5) and (6) represent the mappings (in analog terms as opposed to logical 
terms) carried out by control signal generator 28 to generate phase control signals Pj and P Q from 

15 bits streams S l5 S 2 and S 3 on a chip-by-chip basis. 

Further observe that the absolute value terms A(Q) and A(I) represent positive-valued 
attenuation terms that can change value at the chip rate of signal codes Sj, S 2 , and S 3 . Because 
the absolute- value terms always have positive values, these terms can be realized via rapidly 
switching attenuators that are switchable between two attenuation states at the chip rates of S l5 

20 S 2 and S 3 . In particular, when a gain control signal G Q equivalent to the logical value of S 2 © S 3 
is a logical zero (analog value of +1), the two addend terms in equation (9) have opposite signs, 
and A(Q) takes on the smaller of two possible Q-channel attenuation values. When G Q = S 2 e 
S 3 is a logical one (analog value of -1), the two addend terms in equation (9) have the same sign, 
and A(Q) takes on the larger of the two possible Q-channel attenuation values. Similarly, when 

25 a gain control signal G r (also equivalent to the logical value of S 2 e S 3 ) is a logical zero, the two 
addend terms in equation (11) have the same sign, and A(I) takes on the larger of two possible 
I-channel attenuation values. When G 1 is a logical one, the two addend terms in equation (11) 
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have opposite signs, and A(I) takes on the smaller of the two possible I-channel attenuation 
values (as seen from equations (9) and (11), the two possible Q-channel attenuations are usually 
different from the two possible I-channel attenuations during a given fixed-gain time interval in 
which values of p\ and P 2 are held constant). These relationships define the mappings carried out 
5 by control signal generator 28 to generate gain control signals G! and G Q from bits streams S 1; 

5 2 and S 3 on a chip-by-chip basis. 

Based on insights gained from the foregoing analysis, a programmable waveform 

generator capable of performing interplex modulation and other various kinds of amplitude and 

phase modulation can be constructed using no more than half of the expensive components found 
10 in previous such devices, making the device lighter in weight, smaller in size, more power 

efficient, more reliable, significantly less expensive to manufacture, and easier to adjust during 

manufacture and in the field. 

Referring to Fig. 3, carrier modulator 30 receives an RF carrier input signal, Cos(cot), 

which is split by a splitter 32 or comparable device into two separate signals. One of the Cos(cot) 
15 signals is phase shifted 90° relative to the input signal via a phase shifter 34 or comparable 

device to produce a signal Sin(ct)t). The signal Sin(eot) serves as the RF component signal for the 

quadrature channel of the waveform generator 30, while the unshifted Cos(rot) signal serves as 

the RF component signal for the in-phase channel. 

In the quadrature channel, the RF carrier component Sin(cot) is supplied to a BPSK 
20 modulator 36 which modulates the RF carrier component by applying a phase of either 0° or - 

180° to the Sin(cot) signal in accordance with the value of the input control signal P Q (step 54). 

The value of P Q can vary at the chip rate in accordance with the values of signal codes S t , S 2 , and 

5 3 and the gain factors p\ and P 2 . Input signals S l5 S 2 and S 3 are digital bitstreams of logical ones 
and zeros. These input signals can also be in "analog" representation, meaning the signals 

25 assume the values of -1 and +1, corresponding to the logic values 1 and 0, respectively, hi the 
case of P Q , as indicated in equation (5), when the sum of the gain factors is less than or equal jc/2 
(P, + P 2 < nl2), the control signal generator simply sets the value of P Q to that of signal S x such 
that, in accordance with equation (8), when signal S, is a logical 0 (analog +1), BPSK modulator 
36 shifts the quadrature carrier component Sin(cot) by zero degrees, and when signal Sj is a 

30 logical 1 (analog -1), BPSK modulator 36 shifts the quadrature carrier component Sin(<Bt) by - 
1 80 degrees. 
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When the sum of the gain factors is greater than tz/2 + p 2 > tc/2), the analog value of 
P Q is -S[S 2 S 3 or, equivalently, the logical value of P Q is Si© S2© S3 such that, when 
Si © S2 © S3 is a logical 0 (-S,S 2 S 3 = analog +1), BPSK modulator 36 shifts the quadrature 
carrier component Sin(cot) by zero degrees, and when Si © S2 © S3 is a logical 1 (-S 1 S 2 S 3 = 
5 analog - 1), BPSK modulator 36 shifts the quadrature carrier component Sin(cot) by -1 80 degrees. 

During the same time period that the BPSK modulator 36 has phase shifted the quadrature 
component of the RF output signal by either 0° or -180°, the phase-shifted Q-component signal 
is amplitude modulated by a rapidly switchable, variable attenuator 38 (step 56 in Fig. 4). As 
seen from the foregoing analysis and from equation (9), the attenuation level A(Q) varies 
10 between only two values, ha particular, A(Q) varies between a maximum gain (minimum 
attenuation) of: 

A(Q\ = I Cos(P 1 )Cos((3 2 ) + ShXPOSuXP,) | = MaxGaitiQ (12) 
and a minimum gain (maximum attenuation) of: 

A(Q) 0 = I Cos(p!)Cos(p 2 ) - Sin(p i )Sin(p 2 ) | = MinGairiQ (13) 

1 5 where the 0 and 1 subscripts on the term A(Q) refer to the logical state of the binary gain control 
signal G Q . The values of MaxGahiQ and MinGain Q depend solely on the values of gain factors 
P; and p 2 . Each time the relative power of the signals S l3 S 2 and S 3 are adjusted (by adjusting 
Pj and P 2 ), variable attenuator 38 is programmed with corresponding MaxGain Q and MinGain Q 
attenuation levels via N-bit words indicating the two attenuation levels. 

20 The attenuation level applied to the phase-shifted quadrature RF carrier component is 

selected at the chip rate in accordance with the instantaneous values of signals S 2 and S 3 , 
requiring a rapidly switching attenuator capable of switching attenuation levels at the chip rate. 
Specifically, when the logical exclusive-OR of S 2 and S 3 (S 2 e S 3 = G Q ) is a logical zero (S 2 S 3 
= analog +1), the attenuation MinGain Q (A(Q) 0 ) is applied to the Sin(cot) carrier component, and 

25 when the exclusive-OR of S 2 and S 3 is a logical one (S 2 S 3 = analog -1), the attenuation MaxGainQ 
(A(Q) t ) is applied to the Sin(cot) carrier component. Again, control signal generator 28 
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determines the value of G Q on a chip-by-chip basis in accordance with the exclusive-OR value 
ofS 2 and S 3 (step 52). 

A similar scheme is employed with the in-phase channel of programmable waveform 
generator 30. In particular, the RF carrier component Cos(cot) is supplied to a binary phase shift 
5 keyed (BPSK) modulator 40 which modulates the RF carrier component by applying a phase of 
either 0° or -180° to the Cos(oot) component signal in accordance with the value of the input 
signal Pj (step 54). The value of P! is simply that of signal S 2 or that of signal S 3 , depending upon 
the values of gain factors P, and p 2 . As indicated in equation (6), when gain factor p\ is greater 
than or equal to gain factor p 2 , control signal generator 28 sets the value of P x to that of signal S 2 
10 such that, in accordance with equation (10), when signal S 2 is a logical 0 (analog +1), BPSK 
modulator 40 shifts the in-phase carrier component Cos(cot) by zero degrees, and when signal S 2 
is a logical 1 (analog -1), BPSK modulator 40 shifts the in-phase carrier component Cos(cot) by 
-180 degrees. 

When gain factor P, is less than gain factor p 2 , control signal generator 28 sets the value 
15 of Pj to that of signal S 3 such that when signal S 3 is a logical 0 (analog +1), BPSK modulator 40 
shifts the in-phase carrier component Cos(cot) by zero degrees, and when signal S 3 is a logical 
1 (analog - 1 ), BPSK modulator 40 shifts the in-phase carrier component Cos(cot) by -1 80 degrees. 

Once BPSK modulator 40 has phase shifted the in-phase component of the RF output 
signal by either 0°or -180°, the phase-shifted signal is amplitude modulated by variable 
20 attenuator 42 (step 56). As seen from equation (11), the attenuation level A(I) varies between 
only two values. In particular, A(I) varies between a maximum gain (minimum attenuation) of: 

A(I) 0 = | Sin(p 1 )Cos(P 2 ) + Cos(p 1 )Sin(P 2 ) | = MaxGai^ (14) 

and a minimum gain (maximum attenuation) of: 

A(l\ = | Sin(p 1 )Cos(p 2 ) - Cos(p 1 )Sin(P 2 )|= MinGainj (15) 

25 where the 0 and 1 subscripts on the term A(I) refer to the logical state of the binary gain control 
signal G t . The values of MaxGauij and MinGaiUj depend solely on the values of gain factors Pj 
and p 2 . Each time the relative power of the signals S„ S 2 and S 3 are adjusted (by adjusting p\ 
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and P 2 ), variable attenuator 42 is programmed with corresponding MaxGain x and MinGain, 
attenuation levels via N-bit words indicating the two attenuation levels. 

The attenuation level applied to the phase-shifted in-phase RF carrier component is 
selected at the chip rate in accordance with the instantaneous values of signals S 2 and S 3 . In 
5 accordance with the mapping performed by control signal generator 28, when the logical 
exclusive-OR of S 2 and S 3 (S 2 © S 3 = G r ) is a logical zero (S 2 S 3 = analog +1), the attenuation 
Max Gain! (A(I) 0 ) is applied to the Cos(cot) carrier component, and when the exclusive-OR of S 2 
and S 3 is a logical one (S 2 S 3 = analog -1), the attenuation MinGain r (A(I)j) is applied to the 
Cos(cot) carrier component. The output I and Q component signals from attenuators 42 and 38 
10 are supplied to a signal combiner 44 and combined to form the output RF signal V(t) for 
transmission (step 58 in Fig. 4). 

Table 1 summarizes the BPSK phase shift states and the attenuator gain states for the in- 
phase and quadrature channels of waveform generator 30. 



17 

TABLE 1 





Numeric State 


Logic State 


Attenuator Gain 


BPSK State 








State 






Q Channel 










G Q = S 2 S 3 = +1 


G Q = S 2 e S 3 = Logic 0 


A(Q) 0 = MinGainq 




5 


G Q = S 2 S 3 = -1 


G Q = S 2 © S 3 = Logic 1 


ACQ)! - MaxGain Q 






when pj + p 2 < nil 










P Q = S!=+1 


P Q = S l = Logic 0 




0 Degrees 




P — Q — 1 


Pq = Sj = Logic 1 




-180 Degrees 




wnen pj + p 2 > 71/Z 








10 


P Q = -S^Sj = +1 


P Q =Sie S2© S3 = Logic 0 




0 Degrees 




PQ^S^-l 


p Q =Si©s 2 e S3 = Logic 1 




-180 Degrees 














I Channel 










Gj = S 2 S 3 = +1 


G : = S 2 e S 3 = Logic 0 


A(I) 0 = MaxGai^ 






G x = S 2 S 3 = -1 


Gj = S 2 e S 3 = Logic 1 


A(I)] = MinGainj 
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when (3 j > p 2 










Pi = S 2 = +1 


Pj = S 2 = Logic 0 




0 Degrees 






Pi = S 2 = Logic 1 




-180 Degrees 




when pj < p 2 










Pi = S 3 = +l 


Pi = S 3 = Logic 0 




0 Degrees 


20 


Pi = S 3 = -1 


P x = S 3 = Logic 1 




-180 Degrees 



Table 1 is essentially a mapping of the digital input bitstreams to the attenuators and 
BPSK modulator control inputs. Table 1 illustrates that it is possible to implement the described 
modulation technique via the modulator configuration shown in Fig. 3. Specifically, the 
programmable waveform generator of the present invention implements three-signal interplex 
25 modulation with only two phase modulators and two gain modulators (i.e., variable attenuators). 
Each attenuator switches between two attenuation states (and, hence, two amplitude states) and 
each BPSK phase shifter switches between two phase values in accordance with the logic of 
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Table 1. 

In Fig. 2, the mapping of the digital input bitstreams to the attenuator and BPSK 
modulator inputs is represented functionally by control signal generator 28. In accordance with 
Table 1, control signal generator 28 formulates control signals P Q , P x , G Q , and G x at the chip rate 
5 based on the values of S„ S 2 , S 3 , (3, and P 2 . Of course, the indicated mapping implements the 
specific interplex modulation scheme described in the exemplary embodiment. It will be 
understood that other mappings are possible to implement various other schemes, and as such 
the invention is not limited to this specific mapping of the digital input bitstreams to the variable 
attenuator and BPSK modulator inputs. To implement a different mapping, control signal 

10 generator 28 canbereprogrammed, such that different combinations ofthebit streams Sj, S 2 and 
S 3 dictate the states of the BPSK modulators and the variable attenuators. 

Advantageously, in comparison to the interplex modulation technique described in the 
aforementioned patent application, the programmable waveform generator of the present 
invention implements interplex modulation while requiring less than one-half the hardware, 

1 5 being lighter in weight, smaller, easier to adjust during manufacture and operation, and costing 
significantly less. In particular, the number of BPSK modulators, the number of attenuators and 
the number of separate signal modulation "legs" is reduced from four to two, while reducing the 
alignment time by one half. By varying the attenuation of two rapidly switchable attenuators 
between two states at the same time the BPSK modulators are varying between 0° and 180° in 

20 accordance with a certain coding on the input signal streams, two signal legs, two attenuators, 
and two BPSK modulators can be eliminated. These improvements are particularly advantageous 
in applications such as space satellites and cellular telephones. 

While the implementation described in the exemplary embodiment employs BPSK 
modulation to perform phase modulation and variable attenuators to perform amplitude 

25 modulation, it will be appreciated that the invention is not limited to this modulation scheme, and 
the invention can be implemented using any phase shifted keyed modulation, including 
quadrature phase shift keying, 8-PSK, etc., as well as quadrature amplitude modulation QAM 
schemes, such as 1 6-QAM, or any signal state-space constellation. Likewise, the RF carrier 
components can be modulated with any feasible number of discrete amplitude states via any 

30 suitable attenuator or gain devices. In general, the signal modulation technique of the present 
invention allows instantaneous and simultaneous programmability of amplitude and phase of any 
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modulated carrier point in an amplitude/phase constellation. As used herein the term 
amplitude/phase "constellation" refers to a set of desired amplitude and phase points of the 
modulated carrier in signal state space. In the foregoing example, the amplitude/phase 
constellation is used to implement interplex modulation, such as that used in GPS signal 
5 transmission and also having commercial application in CDMA transmission, as used in wireless 
telephony. Although exemplary embodiment employs invention to implement interplex 
modulator, invention capable of implementing various kinds of amplitude and phase 
modulations. 

The programmability characteristic of the present invention allows remote 
1 0 programmability of the modulation characteristics of units in the field, such as satellites in orbit, 
communications infrastructure, and mobile communication devices, including wireless 
telephones. The capability to reprogram the waveform generator is especially valuable in the 
space satellite context, where changes in required modulation can take many years and a new 
satellite design to accomplish. With the reprogrammable waveform generator of the present 

1 5 invention on board, a satellite can be reprogrammed in orbit. 

The modulation technique of the present invention has wide application in areas of radio 
communication and navigation including, but not limited to: systems employing code division 
multiple access (CDMA) multiplexing; space satellites, such as the those used in the GPS system 
or other position location systems; and in systems where constant-envelope signals or interplex 

20 modulation techniques would be advantageous. 

While the invention has been shown in Fig. 2 as involving a signal generator and a carrier 
modulator performing specific functions, this separation into specific operation units is purely 
for illustrative purposes. The invention is not limited to any particular segmentation of these 
functions, and the invention can be realized using any of a variety of hardware and software 

25 configuration. For example, the functions of the control signal generator maybe closely coupled 
(via a particular hardware or software implementation) to the modulators and attenuators of the 
carrier modulator, with the generation of the digital bit streams being handled by a separate 
module or processor. Likewise, a control signal generator/carrier modulator can be coupled with 
a separate or external signal generating device (which may or may not be programmable), in 

30 order to implement a system with fewer modulator components than would otherwise be 
possible. 
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Having described preferred embodiments of a new and improved method and apparatus 
for generating a composite signal, it is believed that other modifications, variations and changes 
will be suggested to those skilled in the art in view of the teachings set forth herein. It is 
therefore to be understood that all such variations, modifications and changes are believed to fall 
within the scope of the present invention as defined by the appended claims. Although specific 
terms are employed herein, they are used in a generic and descriptive sense only and not for 
purposes of limitation. 



